Abstract: Sudden unexpected death in epilepsy (SUDEP) is the most important direct epilepsy-related cause of death. Additionally, potential pathomechanisms for SUDEP is unknown, but it is very probable that cardiac arrhythmia during and between seizures, electrolyte disturbances, arrhythmogenic drugs or transmission of epileptic activity via the autonomic nervous system to the heart may play a potential role. Quite interestingly, clinical and experimental data have shown that physical activity can decrease seizure frequency, as well as lead to improved cardiovascular health in patients with epilepsy. Based on these facts, the purpose of this article is to review the body of literature of the possible contribution of physical exercise to the SUDEP prevention in a comprehensive manner.
Sudden unexpected death in epilepsy
Epilepsy is one of the most common serious neurological conditions that is associated with a two-to three-fold increase in mortality compared with general population, and sudden unexpected death in epilepsy (SUDEP) is the most important direct epilepsy-related cause of death [1] . SUDEP is defined as sudden, unexpected, witnessed or unwitnessed, nontraumatic and nondrowning death in patients with epilepsy, with or without evidence of a seizure and excluding documented status epilepticus, in which postmortem examination usually does not reveal a toxicological or anatomical cause of death [2] . Comparisons of incidence estimates for SUDEP are difficult, since different definitions of SUDEP have been used, not all patients have postmortem examination, and case ascertainment methods and source populations are varied [3] . SUDEP is responsible for 7.5% to 17% of all deaths in epilepsy and has an incidence of 1:500 and 1:1 000 among adults [4, 5] . Information concerning risk factors for SUDEP is conflicting, but potential risk factors include age [6] , early onset of epilepsy [7] , duration of epilepsy [8] , uncontrolled seizures, mainly in the temporal lobe epilepsy [8, 9] , seizure frequency [8, 9] seizure type [9] , number of antiepileptic drugs [10] and winter temperatures [11] . Additionally, potential pathomechanisms for SUDEP is unknown, but it is very probable that cardiac arrhythmia during and between seizures, electrolyte disturbances, arrhythmogenic drugs or transmission of epileptic activity via the autonomic nervous system to the heart play potential roles [12] [13] [14] . We have to keep in mind that preventative measures other than medical and surgical therapies could be much more useful in the prevention of SUDEP [15] . Among these factors, physical activity may play an interesting role [15, 16] . Substantial evidence from animal and clinical studies indicated that physical activity could reduce seizure frequency, as well as lead to improved cardiovascular and psychological health in patients with epilepsy [16] . Based on these facts, the aim of this article is to review the body of literature of the possible contribution of physical exercise to the SUDEP prevention in a comprehensive manner.
Epilepsy and exercise: experimental and clinical data
Patients with epilepsy are routinely discouraged from participating in sports and exercise. This is surprising because for many high-risk patients such as those with coronary heart disease and diabetes, physical exercise has been proved to be quite beneficial. This reluctance of both patients and physicians is partly due to fear of injuries and fear that exercise will cause seizures [17] . Although the question of a positive or a negative impact of physical exercise on seizure frequency remains unsolved, patients with epilepsy should have the same benefits as others from the positive effects on maximal aerobic and work capacity, body weight, and self-esteem [18] . The attitude towards restriction and protection of the patients with epilepsy has, however, changed dramatically in the last decades and general recommendations have been reviewed. The International League Against Epilepsy recommended in 1997 that the only prohibited sports for athletes with epilepsy are skydiving and scuba diving [19] . In order to give epileptic patients satisfactory advice on sports, it is essential to understand the factors in sports that could affect the epileptic disorder. Likewise, it is rather difficult to indicate which specific effects epilepsy will have on sports participation and to draw general conclusions.
Some studies have been aimed to study the relationship between epilepsy and exercise by comparing physical and social activities among persons with epilepsy based on questionnaires and/or clinical studies [20] . In this line, the existing clinical data concerning the impact of exercise on patient outcomes have some limitations. There is a lack of prospective studies, studies using appropriate controls, studies examining behavioral aspects, and studies using a comprehensive approach in an outpatient setting. As a general rule, regular physical exercise is beneficial to the individuals with epilepsy. For instance, a study conducted by Nakken et al. [18] reported that 4 weeks of physical training program did not change the average frequency of seizures [18] . Another study evaluating physical exercise in women with intractable epilepsy demonstrated that aerobic physical training decreased the number of seizures during the exercise period [21] . Another point to be considered is the low degree of participation in physical activity among patients with epilepsy [22] . In a study in Norway, only 23% of epileptic patients participated in organized physical activity [17] . Despite the fact that several epidemiological studies have been performed on this subject, these patient samples may not be directly applicable to developing countries. A study conducted by Arida and colleagues [23] analyzed the degree of participation in physical activities among Brazilian patients with epilepsy. Although only 15 percent of patients were qualified as active, that is, exercised regularly, more than half of the patients participated in physical activities once or twice per week or on the weekends. Experimental studies have also demonstrated a positive effect of physical exercise in animals with epilepsy [24] [25] [26] [27] . The first study relating the effect of physical exercise on epilepsy used kindling model. In this study, the effect of acute and chronic physical exercise on amygdala kindling development was verified [24] . After this period of training, rats were kindling stimulated 1 min post-exercise. The number of stimulations needed to reach stage 5 was statistically higher in the chronic exercise group when compared with the control one. Consequently, the exercise group spent longer time and shorter afterdischarge (AD) duration during stage 1 than the control group. It was also observed that the time spent in stage 1 was longer and that the AD duration during this stage was shorter in the exercise animals. As a whole, these findings suggest that physical exercise inhibit amygdala kindling development in rats.
A subsequent study, using the pilocarpine model of epilepsy, evaluated the effect of an aerobic physical program on seizure frequency [25] . After the first spontaneous recurrent seizure, animals were submitted to an aerobic exercise program. A reduced frequency of seizures in trained animals with epilepsy was observed (Fig. 1) . The main concern with regard to physical exercise by people with epilepsy is exercise-induced seizures. Seizures occur during physical exercise, but apparently infrequently [28] . It is interesting to note that in this study, only 2 animals presented 3 seizures each during the 3 600 h of exercise, and 2 animals presented 1 seizure 1 min post-exercise.
Additional investigations were performed to better clarify the factors that may interfere with this process. By using local cerebral metabolic rates for glucose (LCMRglu), a study evaluated whether physical training might modify the functional activity in rats with epilepsy [26] . LCMRglu was measured quantitatively by the [ 14 C] 2-deoxyglucose (2DG) method. To determine changes in cerebral functional activity in trained animals with epilepsy, rats with epilepsy were studied during the interictal phase of the pilocarpine model of epilepsy. The rationale to study brain metabolism during the interictal phase was that all animals present seizures at rest and not during exercise [25] . The premise that animals with epilepsy submitted to a physical training would exhibit a marked metabolic alteration in the interictal phase was, however, not confirmed. An increase in interictal LCMRglu in inferior colliculus and auditory cortex in the trained rats with epilepsy was observed when compared with rats with epilepsy. Although no substantial LCMRglu changes were observed after physical training, exercise did reverse the low metabolic rates in several structures of animals with epilepsy. Electrophysiological study was also performed to study the effect of aerobic exercise on "in vitro" hippocampal electrophysiological parameters observed in rats submitted to the pilocarpine model of epilepsy [27] . Trained rats with epilepsy exhibited a reduction in population spikes from CA1 area when compared with nontrained rats. These results indicate that physical training reduces CA1 hyper-responsiveness and may modify synaptic plasticity in rats submitted to the pilocarpine model of limbic epilepsy (Fig. 2) .
Quite interestingly, to investigate whether the type of physical activity, voluntary or forced, would promote different morphological changes in hippocampal formation, Arida and colleagues [29] performed an immunocytochemical study using the parvalbumin (PV) distribution as a marker. Control rats and rats with epilepsy were submitted to a voluntary (wheel running) and forced (treadmill) exercise for 10 d (acute physical exercise) or 45 d (chronic physical exercise). In animals with epilepsy, the number of PV-positive cells and staining intensity of PV-fibers in the hilus was significantly higher only in the acute physical exercise (voluntary and forced) group. Altogether, these findings demonstrate that acute physical exercise, both voluntary and forced, leads to prominent positive plastic changes in the hippocampal formation of rats with epilepsy ( Fig. 3) . In sum, in these animal models of temporal lobe epilepsy, it seems that physical activity in general cannot be considered a seizure-inducing factor. Thus, the mechanisms by which physical training is able to induce such changes are not completely understood and deserve further investigations.
Final considerations and future aims
As mentioned before, people with epilepsy present twoto three-fold increase in the probability to die prematurely than those without epilepsy, and the most common epilepsyrelated category of death is SUDEP. The exact pathophysiological causes of SUDEP are unknown, but it is very probable that cardiac abnormalities during and between seizures may play a potential role [12] . In accordance to this reasoning and based on the experimental and clinical evidences suggesting that physical activity per se is able to reduce cardiac arrhythmias in animal and human studies [30] , we postulated the following question: is there an association between physical inactivity and SUDEP?
At the present moment, there is only a case report study that evaluated a witnessed case of probable SUDEP in an individual who was performing exercise [31] . Although this isolated fact, some beneficial effects of physical exercise against SUDEP phenomenon can be speculated.
Firstly, it is believed that cardiovascular diseases are often associated with overactivity of the sympathetic nervous system [32] , and increases in physical activity will produce beneficial effects on the cardiovascular system in normal and diseased individuals via alterations in neural control of the circulation [30] . These effects include reductions in blood pressure and sympathetic outflow in human beings [33] as well and colleagues [25] .
as in animal models of exercise training [34] . As morbidity and mortality in cardiovascular disease are often associated with elevations in sympathetic nervous system activity [35] , the beneficial effects of physical activity are likely related, in part, to reductions in sympathetic activity. Quite interestingly, a study developed by our group evaluated the heart rate, in vivo ECG and isolated ex vivo preparation (Langendorf preparation) of rats with epilepsy [36] . The results showed differences in the mean heart rate in vivo, but surprisingly, no differences in heart rate could be observed in the isolated ex vivo situation, suggesting a central nervous system modulation on the heart, which could explain the SUDEP [36] . Taken [29] .
together, it is reasonable to purpose that regular physical activity is able to attenuate sympathetic nervous system activity, cardiac abnormalities and hence SUDEP. Secondly, it is clear that premature mortality is increased in patients with epilepsy, particularly in those with more severe seizures [3] , and it is generally acknowledged that cardiac abnormalities between seizures is the very probable cause of SUDEP [3] . As physical activity has been considered to act as anticonvulsant [23] [24] [25] 27, 29] , it is coherent to purpose that regular physical activity may attenuate the frequency of seizures and cardiac abnormalities that could culminate in SUDEP. Finally, the next logical steps for us epileptologists are to understand the mechanisms by which exercise training influence the cardiovascular system of patients with epilepsy. These mechanisms are likely to be important for developing new strategies in the prevention of SUDEP.
